Introduction {#S0001}
============

Both males and females of many animals invariably participate in social activities \[[1](#CIT0001),[2](#CIT0002)\]. In advanced animal societies, the genetic diversity resulting from sexual reproduction is thought to provide multiple benefits, including enhanced disease resistance, and resilient division of labor \[[3](#CIT0003),[4](#CIT0004)\]. Termite colonies commonly comprise both male and female reproductives, workers, and soldiers, which often exhibit sex-based phenotypic differences in the workforce \[[5](#CIT0005),[6](#CIT0006)\]. The complete loss of males from termite lineages would therefore result not only in the loss of genetic diversity but also the loss of sex-based phenotypic diversity form their societies. We have recently reported asexual societies in a lineage of the termite *Glyptotermes nakajimai* (Isoptera: Kalotermitidae) -- a dramatic transition from mixed-sex to all-female asexual societies. This finding provides evidence that males are not indispensable in advanced animal societies, regardless of whether males engage in social activities or not \[[7](#CIT0007)\].

Some maternally inherited endosymbiotic bacteria, such as *Wolbachia, Cardinium*, and *Rickettsia*, can manipulate host reproduction in order to increase the number of infected hosts within a population: (*i*) by parthenogenesis induction (PI), in which infected females produce infected daughters without fertilization by males, (*ii*) by feminization of genetic males (FM), in which infected genetic males develop phenotypically as females, (*iii*) by male killing (MK), in which infected males are killed early in embryonic development, and (*iv*) cytoplasmic incompatibility (CI), in which uninfected females produce few or no offspring when they mate with infected males \[[8](#CIT0008)--[10](#CIT0010)\]. Here, we examine the possibility of endosymbiont-induced host manipulations, such as PI, FM, MK, and CI in *G. nakajimai*.

Results and discussion {#S0002}
======================

We performed metabarcoding of the V1--V3 region of the 16S bacterial ribosomal RNA gene, amplified from DNA extracts of both asexual and sexual lineages of *G. nakajimai*. In total, 510 Operational Taxonomic Units (OTUs) and 318 OTUs were identified and assigned to multiple bacterial taxa for the asexual and sexual lineages, respectively ([Figure 1](#F0001)). In the asexual lineage, bacteria that are commonly known to act as causal agents of parthenogenetic reproduction via PI (i.e., *Wolbachia, Cardinium*, and *Rickettsia*) as well as other endosymbiotic bacteria that are able to manipulate the reproduction of their hosts via FM and MK were not detected. In contrast, an abundance of *Wolbachia* (Supergroup F) was detected in the sexual lineage ([Table 1](#T0001) and [Figure 1](#F0001)). This suggests that the asexuality in *G. nakajimai* is likely to be maintained without manipulations by endosymbiotic bacteria.10.1080/19420889.2019.1592418-T0001Table 1.Examination of bacterial endosymbionts associated with host reproductive manipulations in the asexual and sexual lineages of the termite *Glyptotermes nakajimai*. Bacterial screening is based on whole workers (excluding guts) (*n* = 15).Assigned taxonomy Relative abundance (%)(Phylum: Class: Genus)Possible phenotype\*Asexual lineageSexual lineageProteobacteria: Alphaproteobacteria: *Rickettsia*PI, MK00Proteobacteria: Alphaproteobacteria: *Wolbachia*PI, FM, MK, CI081.8Proteobacteria: Alphaproteobacteria: Gen.^†^CI^†^00Proteobacteria: Gammaproteobacteria: *Arsenophonus*MK00Bacteroidetes: Cytophagia: *Cardinium*PI, FM, CI00Bacteroidetes: Flavobacteriia: *Flavobacterium*MK00Tenericutes: Mollicutes: *Spiroplasma*MK00[^1] 10.1080/19420889.2019.1592418-F0001Figure 1.Bacterial taxa associated with the termite *Glyptotermes nakajimai*. The left bar graph is for the asexual lineage and the right is for the sexual lineage. Bacterial screening is based on whole workers (excluding guts) (*n* = 15).

Parthenogenesis induced by endosymbiotic bacteria has only been confirmed in host taxa with haplo-diploid sex determination (in which males develop from unfertilized haploid eggs and females from fertilized eggs), although the strong overrepresentation of haplo-diploids among species with known endosymbiont-induced parthenogenesis may be due to an ascertainment bias \[[9](#CIT0009)\]. Termites are diploid and typically have an XY sex determination system \[[11](#CIT0011)\]. Notably, four of six examined termite species with facultative parthenogenesis do not appear to harbour endosymbiotic bacteria \[[12](#CIT0012),[13](#CIT0013)\]. These results suggest that endosymbiotic bacteria are unlikely to be the inducers of parthenogenesis in termites.

Lack of endosymbiotic bacteria in the asexual lineage of *G. nakajimai* ([Table 1](#T0001) and [Figure 1](#F0001)) is suggestive of another selective force in the evolution of asexuality in the lineage. Indeed, Yashiro *et al*. \[7\] have demonstrated that asexual colonies of *G. nakajimai* have a more uniform head size in their all-female soldier caste and fewer soldiers in proportion to other individuals compared with sexual colonies, indicating increased defensive efficiencies arising from asexuality. However, we are unable to rule out the possibility that endosymbiont DNA that causes parthenogenesis was integrated into the host genome, followed by the loss of the donor endosymbiont \[[14](#CIT0014),[15](#CIT0015)\]. Further work involving screening of candidate genes for parthenogenesis is required to investigate this possibility.

The asexual and sexual lineages of *G. nakajimai* are distributed allopatrically, with the asexual populations in Shikoku and Kyushu and the sexual populations in Honshu, Amami-Oshima Island, Okinawa Island, and Ogasawara Islands, Japan \[[16](#CIT0016)\]. Dry-wood termites, including *G. nakajimai*, are single site nesters, living in a single piece of dead wood that serves both as nest and food \[[17](#CIT0017)\], which facilitate human-mediated dispersal \[[18](#CIT0018),[19](#CIT0019)\]. These dry-wood nesters can also easily disperse over water through wood rafting \[[20](#CIT0020),[21](#CIT0021)\]. Therefore, males of *G. nakajimai* may migrate from sexual populations to asexual populations, potentially leading to sexualization of asexual populations if asexual females can still reproduce sexually. Our bacterial screening revealed a clear contrast between the asexual lineage without *Wolbachia* and the sexual lineage with *Wolbachia* ([Table 1](#T0001) and [Figure 1](#F0001)), which might lead to CI between the asexual and sexual lineages. Further work is required to investigate the possibility that *Wolbachia*-induced CI contribute to the maintenance of asexuality in the lineage. Yashiro *et al*. \[7\] have illustrated that the two lineages containing different chromosome profiles (2n = 35 in the asexual lineage vs 2n = 34 in the sexual lineage), which might also act as a reproductive barrier between the two lineages.

Methods {#S0003}
=======

We extracted genomic DNA from two pools of samples. Pool 1 contained 15 female workers (also called pseudergates which predominantly develop into alates in the family Kalotermitidae \[[22](#CIT0022)\]) (five each from three different colonies collected from Tokushima \[Shikoku\], Ashizuri \[Shikoku\], and Saiki \[Kyushu\], Japan, respectively) from the asexual lineage and Pool 2 contained 15 female workers (five each from three different colonies collected from Kushimoto \[Honshu\], Amami-Oshima Island, and Ogasawara Islands, Japan, respectively) from the sexual lineage of *G. nakajimai*. Prior to DNA extraction, samples were surface sterilized by washing in 10% bleach for ca. 30 s and rinsed in 95% ethanol to remove residual bleach before DNA extraction. DNA was extracted from the whole termites (excluding guts) using the DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA, USA) following the manufacturer's supplied protocol. Genomic DNA was sent to a commercial facility (the Australian Genome Research Facility \[AGRF, [www.agrf.org.au](http://www.agrf.org.au)\]) for Illumina MiSeq sequencing of the V1--V3 region of the 16S ribosomal RNA gene. The region V1--V3 was amplified with primers 27F/519R \[[23](#CIT0023)\]. Sequencing reads were initially analyzed using the Quantitative Insights Into Microbial Ecology (QIIME) \[[24](#CIT0024)\] and the USEARCH software \[[25](#CIT0025),[26](#CIT0026)\]. After excluding all sequences with read length \<240 bp and sequences with ambiguous base reads, 42,934 reads from Pool 1 and 68,113 reads from Pool 2 were included in the analysis. OTU tables were summarized at different taxonomic levels within QIIME using the Greengenes 13_8 database \[[27](#CIT0027)\]. The 16S gene sequence of *Wolbachia* obtained in this study was deposited in the DDBJ/EMBL/GenBank nucleotide sequence databases under the accession number MK572633. BLAST search at the NCBI (<http://www.ncbi.nlm.nih.gov>) was used for identification of the *Wolbachia* supergroup.
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[^1]: \*Reviewed by Cordaux *et al*. \[8\]. PI, parthenogenesis induction; FM, feminization of genetic males; MK, male killing; CI, cytoplasmic incompatibility.

    ^†^Reported by Takano *et al*. \[10\].
